So far, short-wave UV produced by low-pressure mercury lamps has been widely applied in sterilization, wastewater treatment, and bioassays, which could be due to its low cost, high conversion efficiency, and small size. However, metal pollution is caused by the evitable releasing of mercury. In this study, a new mercury-free lamp was developed, which generated UV light by the electron beam excitation (EBE) of YPO 4 :Bi 3+ under vacuum conditions. Such lamps emit light at 241 nm and possessed a photoelectric effect. Excellent sterilization effect was obtained in Candida albicans, Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli, in the absence of ozone. These effects positively correlated with the treatment distances and time. Furthermore, oxidative stress was found to play a major role in the sterilization process of our light sources, since no production of ozone was detected during each treatment. After all, EBE lamps could be a promising tool for sterilization, and our results provided the theoretical basis for its microorganism-killing effects.
INTRODUCTION
Nowadays, UV light sources have been widely applied in industrial, agriculture, and medical fields, due to their fluorescent, biological, photochemical and photoelectric effects 1 . In particular, short-wave UV with wavelengths of 200-280 nm has been found useful in sterilization, wastewater treatment and biological detection 2 . Among them, low-pressure mercury lamps producing 254 nm UV light were mostly accepted, which could be due to their long lifetime, high photoelectric conversion efficiency, mature manufacturing process, and low cost 3 . Unfortunately, these lamps are being criticized for their releasing of mercury, which cause irreversible fatal damage to living organisms 4 . According to Minamata Treaty, mercury-containing UV light sources will be gradually replaced in 2020. Thus more and more attentions are being paid on the development of mercury-free lamps.
The first developed light sources are mainly light-emitting diodes (LEDs), which have advantages of long life, small size, short start-up time, and no pollution 5, 6 . Despite the long-term development, UVC-producing LEDs are limited by their complicated manufacturing process, high cost, low photoelectric conversion efficiency, and severe heat radiation 7 . In fact, the thermal emission cathode produced by LG Company, which are of the most matured manufactory techniques, only exhibits a low photoelectric conversion efficiency at 2%. Hence an efficient, non-polluting, and long-lifetime UV sources are still in demand.
Based on the recent publications, UV light could be generated by electron beam excitation of phosphate, rare earth-doping material and prospect 11, 12 .
In this study, a small sterilization device was produced with an EBE-UV light source. After characterization of photoelectric conversion efficiency and wavelength, the sterilization properties of this lamp were tested with four microorganisms, including Candida albicans, Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. After then, the main sterilization mechanism of this lamp was detected, to provide the basis for its application in sterilization.
MATERIALS AND METHODS

EBE-UV characterization
The EBE-UV light was produced by electron beam excitation on YPO 4 :Bi 3+ , and the cold cathode is protected by vacuum environment 4 . In brief, the electrons hit the matrix of YO 4 :Bi 3+ , causes energy transfer, and excites the fluorescence. With specific optical filter, the wavelength of UV would be limited around 241 nm. By DC Ammeter and Voltmeter, the input power of the UV lamp is 1.3 W, and output power is determined to be 52.13 mW. The photoelectric conversion rate η is calculated according to η = P light /P e × 100%, where P light and P e are the electrical and optical powers, respectively. After calculation, η should be 4.01%.
The schematic and digital illustrations of the lamp are shown in Fig. 1 . Its emission spectra were evaluated by a UV spectrometer (Gentec, Florida, USA) in a wavelength range of 200-360 nm. Irradiance power of EBE-UV was measured using a PH100-SiUV Probe accumulated UV meter (Ushio Inc., Japan), after the switch was turned on, the UV meter was set as zero first. Then the irradiance power was randomly detected at 5 different positions of the same height to calculate the average value.
Sterilization device
To test the efficiency of UV light source, a small sterilizer with adjustable distance and treatment time was designed. The structure is shown in Fig. 2 .
The sterilizer consists of two parts: tank and shell. The tank was made of corrosion-resistant stainless-steel material (ISO11), with a hole in the upper field. The light sources located inside the shell, right on the upper of the tank holes. The lighting time, interval time, and automatic light-off could be controlled automatically. A transparent viewing window is present on the outer shell, to observe the entire illumination process. Tin foil was used to cover the shading treatment on the observation window, to avoid the light resurrection during UV treatment. Finally, adjust the distances between the light sources and the plane of the lowest-end plates, to determine the sterilization characteristics.
Culture of microorganisms
C. albicans (ATCC10231), S. aureus (ATCC25923), P. aeruginosa (ATCC9027), and E. coli (ATCC25922) obtained from American Type Culture Collection, were cultured at 37°C in tryptic soy broth (pH 7.2, BD Diagnosis Systems, Sparks, MD) [13] [14] [15] . All the bacteria and yeast kept on a rotary shaker at 220 rpm were cultivated for 8 h. The concentration of cells was 10 9 CFU/ml as assessed by 600 nm absorption.
Evaluation of sterilization effect
Microorganisms, including yeast (C. albicans), Gram-positive bacteria (S. aureus), and Gramnegative bacteria (E. coli and P. aeruginosa), were used to evaluate the sterilization effect of EBE-UV. After reaching the set concentrations of 10 9 CFU/ml, the four strains of microorganisms were diluted by 1:10 000 16 . 100 µl of dilution was cultured on the solid nutrient agar medium, and then immediately placed in the sterilization device. All agar media were treated with UV at 15 cm from the UV light source at 37°C. According to the tolerance of each strain, different time gradients were used for C. albicans (0.0, 1.0, 2.0, 3.0, and 4.0 min), P. aeruginosa (0.0, 1.0, 1.5, 2.0, and 2.5 min), S. aureus (0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 min), and E. coli (0.0, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0, and 40.0 s). Then the survived colonies were counted and compared with untreated control. The differences were divided by the total colonies, and the results were defined as the disappearance rate. The obtained values were plotted against the irradiation dose (K, (mW.s/cm 2 )) of UV, which was calculated as K = I × T /10 3 , where I and T are the irradiation intensity (µW/cm 2 ) and irradiation time (s), respectively. To prevent cells from reactivation, the processes of UV treatment and cultivating were shaded away from light.
Intracellular ROS assay
After sterilization, the microorganisms on the plate were scraped off with 1.0 ml PBS. About 100 µl of the treated suspensions were taken out for total number counting, and the remaining suspensions were collected into 1.5 ml eppondorf tubes (EP), to measure intracellular ROS with commercial Kits (Beyotime, China) 17 . 10 µm 2,7dichlorodihydrofluorescein diacetate (DCFH-DA) was added to the treated suspensions and incubated for 20 min at 37°C. Then the cells were washed and suspended in 1.0 ml of PBS. The pictures of accumulated 2 ,7 -dichlorofluorescein (DCF) inside cells were taken with a digital camera (Olympus Corporation, Tokyo) and a Zeiss axiophot fluorescence microscopy (Carl Zeiss, Oberkochen, Germany) with a green filter. After then, the fluorescence of suspension was detected with a Multi-Mode microplate Reader (BioTek, US) using an excitation/emission wavelength of 488/525 nm. Relative fluorescence intensity (RFI) of the intracellular ROS level was normalized to the total number of microorganism 18 , and then expressed as the fold increase of control group.
where DCF EX and DCF Control are the detected fluorescence of the treated groups and the control group, respectively.
Ozone content detection
The light resource of the UV sterilizer was fixed at 15 cm from the bottom of the plate. Since all the microorganisms died after 20 min irradiation. The ozone production was detected after then. Ozone instrument (JSA8-O3, Shenzhen, China) was used to detect the ozone content at 6 random points to obtain an average value. The enclosed space of this device is 15 cm in height, 23 cm in length, 10 cm in width. The total volume is about 3.45 l. As a positive control, the ozone produced by an ordinary 254 nm lamp (TUV, 8 W, Philips) was detected in the same condition, and the results indicated a 2.7 ppm production of ozone.
DNA damage analysis
After UVC irradiation for indicated time, the four microorganisms were collected and extracted for their DNA with a commercial kit. The degree of DNA damage was determined by the alkaline version of the Comet Assay (single-cell gel electrophoresis SCGE) as described by Lanier et al 19 . The irradiation time was selected for each microorganism with the occurrence of significant death. The obtained comets were visualized with a fluorescent microscope (Carl Zeiss, Oberkochen, Germany) at 40 × magnification (Achroplan and ECPlan-Neofluar objectives) with the red filter (excitation 546 nm and emission 590 nm). The obtained images were analysed using AxioVision software version 4.7.2 (Carl Zeiss, Oberkochen, Germany).
Statistical analysis
All data represent here are mean ± SD of three independent experiments with each in triplicate (n = 9). Statistical analysis was performed using SPSS Statistic 15.0 Software (SPSS Inc., Chicago, Illinois, USA). Comparisons were conducted between control and treated groups with student's t-test, *p < 0.05 was considered significant.
RESULTS
Characterization of EBE-UV light sources
The diameter of the front-edge of UV light source is 50 mm, and the length of the whole light source is 155 mm. The emission spectrum is shown in Fig. 3 , which indicates a core wavelength of 241 nm with a half-peak width of 15 nm. The photoelectric conversion efficiency was determined to be 4.01%. After 1000-h operation, the photoelectric conversion efficiency will be reduced by about 75%. The irradiance at different distances from the light source is shown in Table 1 , which decreases gradually with the increase in distance.
Evaluation of sterilization effect
To evaluate the microorganism-killing effect of deep-UV light, four strains of microorganisms (yeast, Gram-positive and Gram-negative bacteria) were irradiated with 241 nm UV at different doses.
It could be seen that the sterilization efficiency of this EBE-UV light was dose-dependent, and all the microorganisms could be killed under the irradiation lower than 66.6 mW.s/cm 2 . As shown in Fig. 4a , the most tolerant microorganism was C. albicans, while E. coli was the most easily killed bacteria (Fig. 4d) . The tolerance of P. aeruginosa and S. aureus was found to be between C. albicans and E. coli (Fig. 4bc ).
Sterilization mechanism
The changes of ROS curve in the four microorganisms after UV treatment were shown in Fig. 5a . As the irradiation time and dose increase, the levels of ROS increase to different degrees for each microorganism. To more intuitively show the effect of irradiation on cells, the fluorescence intensity of DCF in cells was photographed by fluorescence microscopy in the experiment, and the results were shown in the following Fig. 5b , which became brighter with the increase of treatment time. Surprisingly, no production of ozone was detected during the treatment of EBE-UV lights, as the data kept below zero during the detection. In addition, significant DNA damages were noticed after UVC irradiation, as DNA migration exhibited an obvious comet style ( Fig. 6 and Table 2 ).
DISCUSSION
With the development of science and technology, the demands for human health continue to increase. As an important environmental pollutant, mercury is posing a huge threat to human health due to their extensive applications in the industry 20 . On 19 January 2013, the United Nations Environment Programme adopted Minamata Convention, to reduce the releasing of mercury in the world 21 . For the UV light sources, the convention clearly states that after 2020, low-cost mercury lamps will be unavailable. Hence all countries are developing high-efficiency and mercury-free UV light sources, to occupy a huge market including lighting, sterilization, and wastewater treatment.
In this study, a new sterilization device was constructed with new mercury-free UV sources. The lamp has a maximum emission wavelength of 241 nm with a half-width of 15 nm. The photoelectric conversion efficiency was calculated to be 4%. After improvement on the matrix, much higher photoelectric conversion efficiency of even 12% could be achieved, which is much higher than LG's commercial products (data to be published). In the previous reports, the effective radiation power of conventional sterilization lamp (254 nm) was 150 mJ/cm 2 (1.5 × 10 3 mW · s/cm 2) , which could kill C. albicans up to 10 −5 CFU/ml 22 . The dose used by Mohr H and Gravemann U was even higher, 300 mJ/cm 2 (3.0 × 10 3 mW · s/cm 2) to inactivate 10 bacteria species in platelet concentrates 23 . On the other hand, Dotson et al used doses from 0.1-0.2 J/cm 2 (1.0 × 10 3 to 2.0 × 10 3 mW · s/cm 2) for drinking water disinfection 24 . All these irradiation doses were much higher than that in this experiment, where the new UV sources killed all the four microorganisms after irradiation of 20 min and the dose reached 66.6 mW · s/cm 2 . Such phenomenon could be due to the narrow spectral peak at 241 nm compared with broad-spectrum of traditional lamps. According to literature, DNA damage, ROS effects, and production of ozone could be the reasons of UV sterilization. In this experiment, ROS effects and DNA damages have been found in this experiment ( Fig. 5 and Fig. 6 ). However, no ozone was detected after the irradiation of UV lights for 20 min. Such phenomenon could be occurred on the fact that the emission spectrum of EBE lights does not contain 185 nm, which ionizes the air to generate ozone 25 . Although ozone can be useful for sterilization, it has strong oxidizing properties, which can cause ageing of equipment and is not suitable for human environment 26, 27 . In this respect, the application of new UV light sources could be advantageous.
CONCLUSION
In this paper, a novel sterilization device was constructed with EBE-UV light sources, which generated UV light with an electron beam to excite YPO 4 :Bi 3+ material. This device had a narrow emission peak (241 ± 25 nm), high photoelectric conversion efficiency (4.01%), environmental friendliness (without mercury) and low cost (around 0.5 $/mW). This device exhibited an excellent sensitization effect at 15 cm from the light source, with oxidative stress as the major mechanism. Hence it has great application prospects for the surface sterilization of objects.
